We present a muon spin relaxation study of the Mott transition in BaCoS2 using two independent control parameters: (i) pressure p to tune the electronic bandwidth and (ii) Ni-substitution x on the Co site to tune the band filling. For both tuning parameters, the antiferromagnetic insulating state first transitions to an antiferromagnetic metal and finally to a paramagnetic metal without undergoing any structural phase transition. BaCoS2 under pressure displays minimal change in the ordered magnetic moment S ord until it collapses abruptly upon entering the antiferromagnetic metallic state at pcr ∼1.3 GPa. In contrast, S ord in the Ni-doped system Ba(Co1−xNix)S2 steadily decreases with increasing x until the antiferromagnetic metallic region is reached at xcr ∼ 0.22. In both cases, significant phase separation between magnetic and nonmagnetic regions develops when approaching pcr or xcr, and the antiferromagnetic metallic state is characterized by weak, random, static magnetism in a small volume fraction. No dynamical critical behavior is observed near the transition for either tuning parameter. These results demonstrate that the quantum evolution of both the bandwidth-and filling-controlled metal-insulator transition at zero temperature proceeds as a first-order transition. This behavior is common to magnetic Mott transitions in RENiO3 and V2O3, which are accompanied by structural transitions without the formation of an antiferromagnetic metal phase.
INTRODUCTION
The Mott metal-insulator transition (MIT), known to provide a platform for emergent phenomena such as hightemperature superconductivity and colossal magnetoresistance, remains one of the most intensely studied topics in condensed matter physics [1] [2] [3] [4] [5] [6] . This transition can occur as a thermal phase transition or as a quantum phase transition (QPT) near zero temperature. In the latter case, the transition is typically controlled by varying the electronic bandwidth using hydrostatic or chemical pressure or by varying the band filling via chemical substitution. The Mott transition usually occurs from an antiferromagnetic insulator (AFI) phase to a paramagnetic metal (PMM) phase and is often accompanied by a structural phase transition. In some Mott systems, a direct one-step transition from AFI to PMM phase is observed, while in others the transition occurs in two steps involving an intermediate antiferromagnetic metal phase (AFM). In order to understand fully the physics of the Mott transition, the following challenges need to be met: (i) Disentangling the different contributions of the charge, magnetic, and structural interactions; (ii) establishing whether the transition is first-order or continuous; (iii) clarifying the similarities and differences between the one-step and two-step transitions; and (iv) comparing the effects of bandwidth control versus filling control.
Here, we attempt to address these challenges by elucidating the mechanism of the quantum MIT in the quasi two-dimensional system Ba(Co 1−x Ni x )S 2 [7] [8] [9] [10] [11] , where the MIT can be controlled either by pressure or by the partial substitution of Co for Ni [9] . The crystal structure, shown in Fig. 1(a) , consists of alternately stacked side-sharing (Co,Ni)S 5 pyramids, where the Co and Ni ions form a square lattice. Previous studies have shown that the unsubstituted (x = 0) BaCoS 2 compound is an antiferromagnetic insulator with a Néel temperature T N = 300 K at ambient pressure. Neutron scattering studies [9] indicate that Co 2+ is in the high spin state with an ordered moment of ∼ 3 µ B , which is progressively reduced upon Ni substitution. As shown in the phase diagrams in Figs. 1(b) and (c), the Mott transition from AFI to PMM occurs at a critical pressure of p cr ∼ 1.3 GPa [12, 13] or Ni concentration of x cr ∼ 0.22 [7, 14] To achieve this, we have carried out a systematic muon spin relaxation (µSR) study of the MIT in BaCoS 2 using p and x as control parameters for the bandwidthtuned and filling-tuned transitions, respectively. µSR is an ideal probe for our purpose, since it can independently determine the magnitude of the local ordered moment and the volume fraction of the magnetically ordered regions, as well as detect dynamic magnetic critical behavior via measurements of the 1/T 1 relaxation rate. Since µSR is a point-like real-space magnetic probe which detects magnetic transitions in time space, we use the term "magnetic order" in this paper as implying static spin freezing while not referring to specific spatial spin correlation length. Taking advantage of these features, significant progress was made by recent µSR studies of the aforementioned prototypical Mott systems RENiO 3 and V 2 O 3 [15] , where the substitution of RE ions of different size and the application of hydrostatic pressure in V 2 O 3 enable a bandwidth-controlled Mott transition, accompanied by a first-order structural transition. In both systems, the QPT from the AFI phase to the PMM phase occurs through a gradual reduction of the magnetically ordered volume fraction near the QPT until it reaches zero at the transition, while the magnitude of the ordered moment in the ordered regions of the sample remains unchanged until dropping abruptly to zero in the PMM state. No dynamical critical behavior occurs. These are typical features expected in the case of a first-order phase transition, as illustrated in Fig. 2 . Such behavior was previously observed in weak itinerant magnets like MnSi and (Sr,Ca)RuO 3 , where the magnetic transition is tuned by hydrostatic pressure [16] or the Ca/Sr substitution [16] . In MnSi, Fe substitution on the Mn site turns this transition to a continuous transition, as shown by a recent µSR experiment [17] and a theoretical study [18] .
In this paper, we show that the Mott QPT in BaCoS 2 is also first order for both pressure and Ni substitution. For both tuning parameters, the magnetically ordered volume fraction steady decreases near the AFI to AFM transition and reaches zero at the AFM to PMM transition, revealing a broad region of phase separation between magnetically ordered and disordered regions. In the case of pressure, the ordered moment retains its maximal value until an abrupt reduction occurs upon entering the AFM state, whereas the Ni substitution shows a more gradual decrease of the ordered moment with increasing Ni concentration. In both cases, the quantum evolution to the PMM state occurs without dynamical critical behavior. These observations lead to the conclusion that both the bandwidth-and filling-controlled Mott transitions in BaCoS 2 are first order. We also confirmed absence of static magnetism in the x = 1 end-member compound BaNiS 2 .
EXPERIMENTAL DETAILS
Polycrystalline samples of Ba(Co 1−x Ni x )S 2 were synthesized using a conventional solid state reaction method, as described in detail elsewhere [14, 19] . µSR experiments under pressure were performed at the GPD instrument (µE1 beamline) of the Paul Scherrer Institute (Villigen, Switzerland) [20] . Time differential and ambient pressure µSR measurements were performed using the General Purpose Surface-Muon Instrument (GPS) [21] with a standard low-background veto setup at the πM3 beam line of the Paul Scherrer Institute in Villigen, Switzerland and using the Los Alamos Meson Physics Facility (LAMPF) spectrometer with a helium gas-flow cryostat at the M20 surface muon beamline (500 MeV) of TRIUMF in Vancouver, Canada. In a µSR experiment, positive muons µ + with nearly 100 % spin polarization are implanted into the sample one at a time. The muons thermalize at interstitial lattice sites, where they act as magnetic microprobes [22, 23] . In a magnetically ordered material, the muon spin precesses in the local field B µ at the muon site with the Larmor frequency ν µ = γ µ /(2π)B µ (muon gyromagnetic ratio γ µ /(2π) = 135.5 MHz T −1 ). Pressures up to 2.0 GPa were generated in a doublewalled, piston-cylinder type of cell made of MP35N material, specially designed for µSR experiments [20, [24] [25] [26] . Daphne oil was used as a pressure transmitting mediumd. The pressure was measured by tracking the superconducting transition of a small indium plate using AC magnetic susceptibility. The sample filling factor of the pressure cell was maximized, resulting in ∼40% of the muons stopping in the sample and the rest in the pressure cell. Therefore, the µSR data in the whole temperature range were analyzed by decomposing the signal into a contribution of the sample and a contribution of the pressure cell according to
where A S and A P C are the initial asymmetries and P S (t) and P P C (t) are the muon-spin polarizations belonging to the sample and the pressure cell, respectively. The pressure cell signal was modeled with a damped KuboToyabe function [27] . The response of the sample consists of a magnetic and a nonmagnetic contribution:
Here, N = 2 for x = 0 and N = 1 for x ≥ 0.15. α i and β i = 1 -α i , are the fractions of the oscillating and non-oscillating µSR signal. V m denotes the volume fraction of the magnetically ordered part of the sample, and B i µ is the average internal magnetic field at the muon site. λ T i and λ L i are the depolarization rates representing the transverse and longitudinal relaxing components of the magnetic parts of the sample. The transverse relaxation rate λ T i is a measure of the width of the static magnetic field distribution at the muon site and is also affected by dynamical effects (spin fluctuations) [28] . The longitudinal relaxation rate λ L = 1/T 1 is determined solely by dynamic magnetic fluctuations. λ nm is the relaxation rate of the nonmagnetic part of the sample. The total initial asymmetry
0.285 is a temperature-independent constant. The fraction of muons stopping in the sample ranged between A S (0)/A tot 0.40(3) and A S (0)/A tot 0.45(3) depending on the pressure, and was assumed to be independent of temperature for a given pressure. The µSR time spectra were analyzed using the open-source software package musrfit [29] .
RESULTS
We first present the data for pressure-tuned BaCoS 2 . Fig. 3(a) spectra taken at 2 K for various pressures, revealing clear oscillations for pressures up to p = 1.28 GPa. This indicates the existence of a well-defined internal field, as expected in the case of long-range magnetic order. Note that two distinct precession frequencies occur in the µSR spectra, which indicates that two magnetically inequivalent muon stopping sites are present in BaCoS 2 . Below, we will show and discuss the pressure evolution of the magnetic quantities for one component, since the second component behaves similarly. The ZF oscillation frequency and amplitude are directly proportional to the size of the ordered moment and the magnetically ordered volume fraction, respectively. Slight damping of the oscillations is visible over the time window displayed. In general, damping may be caused by the finite width of the static internal field distribution or by dynamic spin fluctuations. In the present case, the damping is predominantly due to the former effect, as the latter possibility was excluded by applying a longitudinal external field (data not shown). When the system enters the AFM state for p = 1.33-1.5 GPa, we observe relaxation occurring only in a small fraction of the signal with no well-defined oscillations, indicating the existence of disordered static magnetism in a small volume fraction of the sample. Using the data analysis procedure described above, we obtained quantitative information about the oscillation frequency ν, the relaxation rates λ T and λ L , the magnetic volume fraction V M , and the magnitude of the static internal field at the muon site. The latter is calculated as B int = ∆/γ µ , where ∆=[(2πν) 2 + λ T 2 )] 1/2 . We note that ∆ is proportional to the size of the local ordered moment. Fig. 3 (b) displays this quantity for BaCoS 2 at various pressures ranging from ambient to 1.5 GPa. Here and elsewhere, we display the fields and the relaxation rates for only one component in the model, since the second component behaves similarly. Up to p = 1.28 GPa, ∆ increases continuously from zero as the temperature is decreased below T N (marked by black arrows), indicative of a continuous phase transition as a function of temperature for these pressures. The value of ∆ at the lowest measured temperature (∼2 K) is virtually unchanged as the applied pressure increases from 0 to 1.28 GPa. However, ∆ is reduced drastically for p = 1.35 GPa, at which point the system is in the AFM state. For p = 1.5 GPa, ∆ is barely distinguishable from zero.
The magnetically ordered volume fraction is plotted as a function of temperature for several pressures in Fig. 3(c) . For p ≤ 1.0 GPa, the magnetically ordered phase at 2 K occupies close to 100% of the sample volume. This is reduced to 70% for p = 1.28 GPa, close to the AFI -AFM transition at 1.33 GPa, indicating that the ground state of BaCoS 2 is characterized by intrinsic phase separation between magnetically ordered and disordered phases at this pressure. The ground-state magnetic volume fraction is further reduced to 30% for p = 1.35 GPa in the AFM phase, and 10% or less for higher pressures in the AFM phase.
The corresponding results for the Ni-doped system are illustrated in Fig. 4 . As seen in Fig. 4(a) , long-lived oscillations are observed only in the ZF spectrum for x = 0, while the spectra for x ≥ 0.15 display fast relaxation without any oscillations. This ZF relaxation, which can be decoupled in a longitudinal field, points to fairly disordered static magnetism for these high values of x. The ZF relaxation rate decreases with increasing x, indicating a steady reduction of the internal field at the muon site. This is demonstrated in Fig. 4(b) , which displays the temperature dependence of ∆ for x between 0 and 0.3. The low-temperature value of ∆ decreases steadily as x increases, reaching zero around the expected doping level of ∼0.25 marking the AFM -PMM transition. This is in contrast to BaCoS 2 under pressure, which showed no change in ∆ until an abrupt drop in the AFM state. On the other hand, the behavior of the magnetically ordered volume fraction for Ni substitution seen in Fig. 4(c) is similar to that of the pressure case, showing a steady reduction of the ground-state ordered volume fraction to zero at the AFM -PMM transition. We also confirmed that the end-member compound BaNiS 2 exhibits no relaxation or oscillations, indicating an absence of static magnetism.
These results can be summarized in Fig. 5 , which displays T N , V M , and ∆ extrapolated to zero temperature and normalized by its value for pure BaCoS 2 at ambient pressure, each as a function of p [ Fig. 5(a) ] and x [ Fig. 5(b) ]. With pressure tuning, ∆ (and therefore the ordered moment) displays little change until an abrupt reduction upon entering the AFM state, whereas Ni doping causes a smooth reduction to zero upon entering the PMM state. This behavior, reminiscent of the restoration of a continuous QPT observed in Fe-doped (Mn,Fe)Si tuned by pressure [17] , may be related to effects of disorder [30] introduced by (Co,Ni) substitution. On the other hand, both pressure and Ni doping show a significant reduction of V M in the vicinity of the QPT, indicating phase separation between antiferromagnetic and paramagnetic regions. Such behavior is consistent with a first-order quantum phase transition, not a continuous transition. For both tuning methods, the AFM state is characterized by a small magnetic volume fraction, weak internal field, and lack of clear oscillations in the ZF spectra, indicative of weak, random, static magnetism in this state.
The first-order versus continuous nature of the QPT can be further clarified by investigating any associated dynamical critical behavior. We performed detailed measurements of BaCoS 2 with p = 1.5 GPa and Ba(Co 1−x Ni x )S 2 with x = 0.2 in a small longitudinal field (LF) just strong enough to decouple the effect of the static random local field. These values of p and x place the system near the QPT, so any quantum critical dynamics from a continuous QPT would be observable by µSR. The temperature dependence of the dynamic relaxation rate 1/T 1 under these conditions is shown as blue diamonds in Figs. 6(a) and (b) for the pressureand Ni-tuned samples, respectively, along with the static relaxation parameter ∆ in red squares for comparison. For both samples, the magnitude of 1/T 1 is less than 1 % of the static relaxation rate ∆(T =0) and no clear peak is observed at T N . This differs from the case of continuous transitions in (Mn,Fe)Si [17] and dilute spin glasses CuMn and AuFe [31] , in which the temperature dependence of 1/T 1 exhibits a clear peak at the ordering/freezing temperature with a peak value close to 10 % of the static field parameter [17, 31] . The absence of dynamical critical behavior in the present data gives further evidence for first-order quantum evolution in BaCoS 2 for both pressure and doping control.
DISCUSSION
The µSR results presented here provide unambiguous evidence for a first-order Mott QPT in BaCoS 2 accessed by pressure (bandwidth control) and Ni doping (filling control). This finding is consistent with the recent observation of first-order quantum evolution in the canonical bandwidth-controlled Mott insulators RENiO 3 and V 2 O 3 , despite the fact that no structural transition accompanies the MIT in BaCoS 2 . The similarity among disparate Mott systems suggests that first-order quantum phase transitions are ubiquitous in strongly correlated Mott systems, in agreement with previous theoretical predictions [15, [32] [33] [34] [35] [36] .
First-order Mott QPTs such as the one observed in BaCoS 2 are reminiscent of the magnetic phase transition observed at the antiferromagnetic/superconducting phase boundary in unconventional superconductors, including high-T c cuprates, FeAs systems, A 3 C 60 , and heavy fermion systems. Similar behavior is also found in 4 He at the boundary between the solid hexagonal close packed (HCP) phase and the superfluid phase [37] . In these systems, the superconducting/superfluid phase is accompanied by inelastic excitations associated with short-range correlations having a periodic-ity characteristic of the competing order (i.e. magnetic or solid HCP). These excitations are referred to as the magnetic resonance mode in unconventional superconductors and rotons in superfluid 4 He [37] , as discussed elsewhere [37, 38] . Given the similarities with non-superconducting Mott systems, the universality of inelastic magnetic excitations may extend to BaCoS 2 , RENiO 3 , V 2 O 3 , and other materials. Therefore, the present results call for further investigations of the role of inelastic soft modes in non-superconducting Mott transition systems.
Another new aspect of the MIT that emerges from the present work is that the AFM region between the AFI and PMM states is characterized by weak, random, static magnetism in a very small volume fraction of the sample. It seems plausible that the magnetic volume is confined to islands embedded in the surrounding PMM phase, suggesting a scenario of metallic conduction through percolation. One open question is the distinction, if any, between the above scenario of separation between AFI and PMM phases and the magnetic phase separation observed in V 2 O 3 and RENiO 3 coexisting with insulating bulk conductivity. One possibility is that conductive percolation is achieved in BaCoS 2 but not in V 2 O 3 and RENiO 3 . The length scale and texture of this phase-separated state cannot be probed by µSR, so suitable techniques such as scanning tunneling or magnetic force microscopes and/or spatially-resolved optical probes [39] should be used to obtain complementary information in future studies.
CONCLUSIONS
The present µSR results unambiguously demonstrate that the QPT from AFI to PMM in BaCoS 2 induced by pressure (bandwidth control) and by Ni-doping (filling control) proceeds as a first-order transition without dynamic critical behavior. Upon approaching the QPT from the AFI phase, the magnetically ordered volume fraction decreases steadily until it reaches zero at the PMM phase, resulting in a broad region of electronic phase separation. Sudden destruction of the ordered magnetic moment at the QPT in BaCoS 2 under pressure and the absence of any dynamical critical behavior in BaCo 1−x Ni x S 2 further supports the notion of a first-order transition in these materials. Similar behavior is observed in RENiO 3 and V 2 O 3 , indicating that the basic first-order nature of the Mott transition persists whether or not the MIT is associated with structural phase transition (RENiO 3 and V 2 O 3 ) or the development of an intermediate AFM state (BaCoS 2 ). We expect the present findings to provide further guidance in the quest to understand the complex process of phase transitions in strongly correlated Mott systems.
